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a b s t r a c t

The organic carbon of permafrost affected soils is receiving particular attention with respect to its fate
and potential feedback to global warming. The structural and activity changes of methanogenic com-
munities in the degrading permafrost-affected wetlands on the Tibetan Plateau can serve as fundamental
elements for modelling feedback interaction of ecosystems to climate change. Hence, we aimed at
anticipating if and how the rapid environmental changes occurring especially on the high altitude Ti-
betan platform will affect methanogenic communities. We identified methanogenic community
composition, activity and abundance in wetland soils with different hydrological settings, permafrost
extent and soil properties and pinpoint the environmental controls. We show that despite a pronounced
natural gradient, the Tibetan high elevation wetland soils host a large methanogenic core microbiome.
Hydrogenotrophic methanogens, in particular Methanoregula, and H2-dependent methanogenesis were
overall dominant although acetoclastic methanogens in addition to hydrogenotrophs were among the
dominating taxa in a minerotrophic fen. Tracing the Methanoregula community of the Tibetan Plateau
using public databases revealed its global relevance in natural terrestrial habitats. Unlike the composi-
tion, the activity and abundance of methanogens varied strongly in the studied soils with higher values
in alpine swamps than in alpine meadows. This study indicates that in the course of current wetland and
permafrost degradation and the loss in soil moisture, a decrease in the methane production potential is
expected on the high Tibetan Plateau but it will not lead to pronounced changes within the methano-
genic community structure.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Qinghai-Tibet Plateau (QTP), also known as Tibetan Plateau,
is the largest altitudinal permafrost unit on Earth. The lower
elevation areas (<4000 m) are influenced by seasonally frozen
ground, while on the high altitude plateau permafrost is more
developed in depth, continuity and coverage (Zhou et al., 2000).
agner).
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The plateau is warming at a rate approximately two times higher
than the global average since the 1950s (IPCC, 2007), and even
faster at higher elevations (Wei and Fang, 2013). Permafrost
degradation has occurred on the plateau during the last few de-
cades, manifested by areal decrease of continuous and discontin-
uous permafrost, thinning of permafrost, shrinkage of isolated
patches of permafrost and changes into seasonally frozen ground
(Cheng and Wu, 2007; Jin et al., 2009; Wu et al., 2015). Around
18.6% of its permafrost has degraded in the past 30 years and up to
46% permafrost will disappear in 100 years (Cheng and Wu, 2007;
Cheng and Jin, 2013). Degradation of permafrost has led to a
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lowering of ground water levels, shrinking lakes and wetlands, and
changes of grassland ecosystems from alpine meadows to steppes
(Jin et al., 2009; Cheng and Jin, 2013).

Besides rivers and lakes, wetlands such as alpine swamps and
meadows are fed mainly through precipitation and occur together
with frozen ground. Alpine swamps and meadows occupy a large
area of the eastern plateau (Zhou et al., 2000; Wang et al., 2016).
While water in alpine meadows flows slowly through shallow
flooded zones, the water in swamps is typically stagnant (Wang
et al., 2016). The Tibetan wetlands altogether occupy 50% of the
total wetland area of China (Ding and Cai, 2007), with the majority
(85%) distributed in the headwater regions of the Yangtze and
Yellow Rivers at higher elevations (>4000 m) and the Zoige
(Ruoergai) Peat Plateau at lower altitudes (<4000 m; Zhang et al.,
2011). It was estimated that 7.4 Pg C was stored at the top one
meter of the whole alpine grasslands (Yang et al., 2008). Although
there is no specific carbon estimate for the Tibetan wetlands, the
soil organic density of wetlands was in general far higher than that
of the alpine steppe and of the plateau's average, highlighting the
alpine wetlands as important carbon pool with the potential for
positive climate feedback (Ding and Cai, 2007; Yang et al., 2008;
Ding et al., 2016). As a result of climate warming and permafrost
degradation, the area of Tibetan wetlands reduced by about 8%
from 1970 to 2006 (Zhao et al., 2015). Due to hydrological deteri-
oration, degeneration fromwetlands tomeadows or frommeadows
to steppes have been observed at local scales (Jin et al., 2009;
Brierley et al., 2016), which has subsequently impaired their roles
in regulating the flow of rivers and carbon stores (Cheng and Jin,
2013).

The greenhouse gas methane is a major end product of the
microbial degradation of organic matter under anaerobic condi-
tions. Wetlands contribute 70% to the global total emission of
methane and therefore are a major research focus (Bridgham et al.,
2013). Moreover, ice core records showed that the variations in the
atmospheric CH4 content were consistent with the areal change of
wetlands (Blunier et al., 1995). The methane fluxes on the Tibetan
wetlands range from 9.6 to 214 mg CH4 m�2 d�1 (Jin et al., 1999;
Hirota et al., 2004; Cao et al., 2008; Chen et al., 2013) and are
generally comparable to Arctic permafrost regions (Wille et al.,
2008; Sachs et al., 2010; also see Fig. S1). Both alpine swamps
and meadows are thus potential hotspot of methane emission on
the plateau.

Methanogenic archaea (methanogens) are responsible for the
biological production of methane (methanogenesis). They
commonly use H2/CO2 (hydrogenotrophic) and acetate (aceto-
clastic) as substrates under anaerobic conditions (Wagner and
Liebner, 2009). Methanogens on the Tibetan Plateau were studied
in lakes (Liu et al., 2013) and wetland soils (Zhang et al., 2008; Deng
et al., 2014; Cui et al., 2015; Tian et al., 2015). Most previous studies
on wetlands were confined to the Zoige Plateau on the eastern
margin of the plateau at lower elevation (3400e3600 m a.s.l.). In
this region methanogenic community structure, in contrast to
methane production, is little responsive to temperature increase
and seasonal change (Cui et al., 2015). Methanogenic communities
on swamps and meadows at the high plateau platform (>4000 m),
however, remain poorly investigated despite their supposedly large
relevance for the greenhouse gas (GHG) budget of the entire Ti-
betan Plateau. Also, anticipating if and how the rapid environ-
mental changes presently occurring on the high Tibetan altitude
platform will propagate into methanogenic communities is
important.

This study is based on the assumption that methanogenic
archaea respond to permafrost degradation, shrinkage of wetlands
and extension of meadows. We expect that meadows differ from
wetlands in displaying lower methanogenic activities and
abundances, and significantly different composition in methano-
genic communities. The objective of this research is to identify
methanogenic community composition, activity and abundance in
wetland soils with different hydrological settings (swamp and
meadow), permafrost extent and soil properties, and to pinpoint
the underlain environmental controls. Thereby, this study is the
first to assess methanogenic communities on the Tibetan Plateau
via deep sequencing on the functional gene of methanogenesis
(methyl coenzyme M reductase A, mcrA) with a specific attention
on the direct and indirect interactions between microbial taxa
coexisting in the environment.

2. Material and methods

2.1. Study site and sample collection

The study sites on the northeastern Tibetan Plateau were
selected along the air mass trajectory of the eastern Asianmonsoon,
by taking account of frozen ground, elevation and hydrology. Four
sites were sampled in August 2012 when the active layer reached
its maximum thaw depth: Huashixia (HUA), Donggi Cona Lake
(DCL), Gande (GAN), and Haibei Station (HAI; Fig. 1). The variability
of soil properties between each site was analyzed through a prin-
cipal component analysis (PCA). Three of the sites are located above
4000 m while HAI is located at an elevation of approximately
3200 m similar to the Zoige wetland. HUA and DCL are located in
the discontinuous permafrost region, whereas GAN and HAI are
underlain by seasonally frozen ground (SFG). The sites DCL and HAI
are swamp wetlands, while GAN and HUA are alpine meadows. For
each research site, a series of soil profiles were described along an
elevation gradient. The description of the HUA catena has been
published recently (D€orfer et al., 2013). Of each catena, the profile
which was most relevant for methanogenesis in terms of water
level and soil moisture was selected for this study.

The DCL profile is located on a lakeshore wetland which derived
from aeolian sediments. The sampling site at HUA is located on a
patch of an alpine meadow near the Huashixia Permafrost Station.
Laminated sandy or clayish sediments in yellowish and greyish
were visible at this site where the discontinuous permafrost starts
approximately at 80 cm below the surface. According to the Maduo
climate station (98�120 E, 34�540 N, 4300 m a.s.l.) monitoring be-
tween 1953 and 2010, the mean annual air temperature (MAAT)
near DCL and HUA is �4.1 �C with a mean annual precipitation
(MAP) of 326 mm and most precipitation occurring in summer
(280mm,May to October). The GAN site is close to a small creek in a
valley which is affected by deep seasonally frozen ground. The soil
texture mainly consists of silt and clay. The MAAT at the GAN site
is �2.2 �C, and the monthly average air temperature ranges
from �15.2 �C (January) to 8.6 �C (July), with a MAP of around
550 mm in the period 1994 to 2010. Site HAI is a swamp affected by
seasonally frozen ground where peat layer is visible in the entire
profile. The MAAT at the Haibei weather station (37�29' - 37�450N,
101�12' - 101�230E, 2900e3500 m a.s.l.) is �1.7 �C with a maximum
of 27.6 �C and a minimum of �37.1 �C in the period from 1989 to
2010. The MAP is around 500 mm with 80% within the growing
season from May to September. The vegetation is generally domi-
nated by sedges (Kobresia and Carex) with different coverage and
density over different study sites.

At all study sites, soil profiles were excavated down to the
permafrost table (approx. 50e70 cm) or to the water table (approx.
up to 200 cm). After soil profile description, soil samples were
taken in parallel for DNA extraction, methane production incuba-
tion and soil property analysis from themiddle of each horizon. The
samples were labeled with starting site name followed by
increasing numbers indicating horizons from top to bottom, e.g.



Fig. 1. Research sites in Qinghai province on the northeastern Qinghai-Tibet Plateau. The inset figure shows the frozen ground distribution on the plateau. The data is provided by
Environmental and Ecological Science Data Center for West China, National Natural Science Foundation of China (http://westdc.westgis.ac.cn). The codes of SFG, SPF, DPF and CPF
stand for seasonally frozen ground, sporadic permafrost, discontinuous permafrost and continuous permafrost, respectively. The red rectangle specifies the area in the enlarged
map. Donggi Cona and Huashixia are located in discontinuous permafrost area, while Gande and Haibei Station are underlain by seasonally frozen ground. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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DCL1, DCL2, DCL3 (Table S1). The soil properties for each depth
were analyzed at the University of Tübingen according to the
methods described by D€orfer et al. (2013). All soil chemical and
physical parameters used in this study are listed in Table S1. Among
these measures, calcium concentrations, in association with pH,
overall have a large effect on the type of wetland that arises. These
two factors are particularly important for the distinction between
bogs and fens (Keddy, 2010).
2.2. Methane production rates

The samples were transferred into serum bottles in the lab and
incubated in triplicates. Potential methane production rates were
determined by gas chromatography as previously reported
(Wagner et al., 2005). Briefly, fresh soil material (ca. 20 g) from
different soil horizons was weighed into 100 ml glass jars in trip-
licates and closed with a rubber stopper. The samples were evac-
uated and flushed with ultrapure N2. The headspace CH4
concentration was determined over time by gas chromatography
after adding 6 ml of sterile acetate solution (10 mM) or sterile and
anoxic tapwater in combinationwith H2/CO2 (80:20 v/v,150 kPa). A
sample without substrate served as control. The slurries were
incubated at 10 �C according to the natural soil temperature regime.
CH4 production rates were calculated from the linear increase in
CH4 concentration over time.
2.3. DNA extraction and mcrA 454 amplicon sequencing

For logistic reasons, total soil DNAwas immediately extracted in
triplicates in the field using the FastDNA SPIN kit (MP Biomedicals,
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Germany). The air-dried DNA was then stored on QIAsafe DNA 96-
well filter plates (Qiagen, Germany) at ambient temperature ac-
cording to the manufacturer instructions. In the lab, the DNA
extract was dissolved from the filter and purified with the Mini-
Elute PCR Purification Kit (Qiagen, Germany). In the course of a pilot
shotgun sequencing of total DNA prior to this study, the DNA from
the upper (top) and lower (down) horizons were pooled for HAI
(HAI_t: 5þ 20 cm, HAI_d: 40þ 60 cm) and HUA (HUA_t: 5þ15 cm,
HUA_d: 35þ 55 cm) to obtain sufficient amounts of DNA. ThemcrA
fragment was amplified using the commonly-used primer set mlas
and mcrA-rev. For multiplexing pyrosequencing, we used barcode-
tagged forward and reverse primers at the 50 end. PCR reactions
were performed in triplicates in 50 mL reactions containing 1.0 mL
DNA template (5e10 ng/ml) and 0.1 mM of each primer using the
MangoMix PCR ready solution (Bioline GmbH, Berlin) according to
the manufactor's manual. The PCR conditions were as follows:
initial denaturation at 95 �C for 3 min; 30 cycles at 94 �C for 30 s,
55 �C for 45 s, and 72 �C for 45 s, with a final extension at 72 �C for
5 min. Afterwards, parallel PCR products for each sample were
pooled and subsequently purified with the MiniElute PCR purifi-
cation kit (Qiagen, Hilden, Germany). Pyrosequencing of the
equalized mixture was performed on a Roche GS-FLX þþ Titanium
platform at Eurofins Genomics (Germany). Sequencing of technical
replicates showed highly reproducible results (Fig. S2).
2.4. Meta-data processing, alpha- and beta-diversity analysis

Raw sequences were processed by the mothur software package
(v.1.31.2) (Schloss et al., 2009), following the standard operating
procedure (https://www.mothur.org/wiki/454_SOP) with an addi-
tional frameshift check with FrameBot (see Table S2 for details).
After fasta sequences were extracted from the raw sff sequence file
in mothur, these sequences were first subjected to a translation
check using the FrameBot tool (http://fungene.cme.msu.edu). Se-
quences with frameshift errors were excluded from further analysis
with custom python script. The subsequent filtering removed the
sequences with errors in barcodes or primers, homopolymers
longer than 6 nucleotides, ambiguous bases, or average quality
scores less than 25. Sequences shorter than 300 nucleotides or
longer than 600 nucleotides were also discarded. The unique se-
quences were then aligned in mothur by default setting with
referring to the pre-aligned mcrA sequences provided by the Fun-
gene Pipeline database (http://fungene.cme.msu.edu). Chimeras
were detected to be 7.7% of all the reads with the UCHIME algo-
rithm by using the mothur software platform. Using the furthest
neighbor clustering method in mothur, the valid sequences were
assigned into operational taxonomic units (OTUs) at 84% identity of
mcrA gene sequences (Yang et al., 2014). The abundance-based
coverage estimator, Chao1 and Shannon estimator of species di-
versity, rarefaction curves and beta diversity metrics were calcu-
lated with R packages of vegan (v.2.0e7) (Oksanen et al., 2013) and
phyloseq (v.1.10.0) (McMurdie and Holmes, 2013). For alpha di-
versity analysis, we avoided subsampling for the reasons given by
McMurdie and Holmes (2014). For the beta diversity measures, the
proportional abundance was used. We compared different
normalization methods during the processing and found that the
proportional standardization kept data features as close as possible
to the original dataset and avoided the risk of overfitting our
analysis (data not shown). The abundance variation of the major
taxa across samples was visualized by bubble plot by using package
ggplot2 v.1.0.0 (Wickham, 2009). The principal component analysis
(PCA) was performed with the vegan package v.2.0e7 (Oksanen
et al., 2013) and Venn diagrams were implemented in the Ven-
nDiagram package (Chen, 2013).
2.5. Quantitative PCR

Quantitative PCR was performed on a Bio-Rad CFX instrument
(Bio-Rad, Munich, Germany) using the mlas/mcrA-rev primer pair.
Different DNA template concentrations were tested to find the
optimal dilutions avoiding inhibitions. The 25 ml reactions con-
tained 12.5 ml of iTaq universal Sybr Green supermix (Bio-Rad,
Munich, Germany), 0.25 mM concentrations of the primers, and 5 ml
of diluted DNA template. The serial dilution of DNA standard from a
mcrA clone (M. barkeri) ranged from 101 to 105 copies ml�1. PCR was
run by an initial denaturation for 10 min at 95 �C, followed by 40
cycles of denaturation at 95 �C for 30 s, annealing at 55� for 30 s,
and extension at 72 �C for 45 s. Melt curve analysis was performed
after the final extension by increasing the temperature from 50 to
95 �C at a ramp of 1.0 �C every 5 s. Each measurement was per-
formed in triplicates, with R2 of 0.994 and efficiency of 95%. The
amount was given as copies per gram fresh soil.

2.6. Network construction

OTUs with average relative abundances less than 0.01% of the
total number of OTU phylotypes were removed (Ma et al., 2016).
Afterwards, we calculated all pairwise Spearman's rank correla-
tions via R basic package (https://www.r-project.org/). The co-
occurrence network was inferred based on the OTUs with a
Spearman correlation coefficient (rho) > 0.6 and statistically sig-
nificant p value < 0.01 (Barberan et al., 2012). This filtering step
removed poorly represented OTUs and reduced network
complexity, facilitating the determination of the methanogenic
core community. The network was then generated by igraph
package (v 1.0.1) (Csardi and Nepusz, 2006). The nodes in this
network represent individual OTUs and the edges that connect
these nodes represent correlations between OTUs. Community
subgroups were detected via a walktrap modularity algorithm ac-
cording to the internal ties and the pattern of ties between different
groups.

2.7. Biogeography of dominant taxa

An integrated biogeography study was conducted to test the
global relevance of the most dominant taxa among the high
elevation Tibetan methanogens. Using representative sequences
from our study, we searched for closely related sequences from the
NCBI nucleotide database. Those sequences with identities higher
than 84% according to the threshold by Yang et al. (2014) and the
query coverage higher than 95% were recovered in the Genbank
format. Afterwards, the corresponding PubMed accession numbers
were used to track the original publications in order to bring focus
on natural ecosystems by excluding the anthropogenic rice paddies
and bioreactors. This effort ended up with 24 valid mcrA datasets
globally. Then, the unique sequences for each library were phylo-
genetically assigned into different clades together with reference
mcrA sequences of pure cultures. The incidence frequencies of se-
quences from each genus were calculated to compare their
contribution to the overall diversity for each library. All these in-
formation was illustrated by a biogeographical map implemented
by R packages of maptools (v.0.8e30) (Bivand and Lewin-Koh,
2014) and rgdal (v.0.9e1) (Bivand et al., 2014).

2.8. Phylogenetic tree construction

In order to have more precise taxonomic classification of the
abundant OTUs, a phylogenetic tree was calculated based on
representative sequences of each OTU (Fig. S3). The tree was
inferred from representative sequences of a total of 25 OTUs having
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a mean relative abundance higher than 1% across all libraries. These
sequences with at least 400 nucleic acids were incorporated into a
manually updated and curated reference ARB database to identify
the closest relatives. Sequences of closely related environmental
clones and cultured organisms together with the representative
sequences were used for tree construction. A 30% base frequency
filter was used to exclude highly variable positions. The phyloge-
netic tree was calculated using the neighbor-joining method and
1000 bootstrapped trials in ARB (http://www.arb-home.de/).
2.9. Statistical analysis

The similarity of community composition by sites was tested at
genus levels with the function of ‘adonis’ in vegan package
(Oksanen et al., 2013). The adonis function is to do permutational
multivariate analysis of variance using distance matrices and is
directly analogous to MANOVA. The subset of environmental vari-
ables which have themaximum (rank) correlationwith community
dissimilarities were identified with the ‘envfit’ function (p < 0.05)
in vegan package. The environmental contribution to the commu-
nity variations was further partitioned with partial constrained
correspondence analysis (pCCA) through ‘varpart’ function in vegan
package. For ANOVA analysis, the normality of data and homosce-
dasticity of variance by groups were firstly checked by the Shapiro-
Wilk test and Bartlett's test, respectively. The Welch's one-way
ANOVA was employed for heteroscedastic data with an unbal-
anced dataset or for balanced design with small sample sizes but
very large variation in the standard deviations. Otherwise, the
normal one-way ANOVAwas used (McDonald, 2014). Following the
co-occurrence network analysis, the abundance difference between
different sites and the subgroups were tested by two-way ANOVA
in R (https://www.r-project.org/).
Fig. 2. PCA plot showing the variance of soil properties including sample depth, soil pH, total
(SM), soil temperature (SM), salinity (in terms of electric conductivity, EC), NaCl, soil texture
Donggi Cona (DCL), Gande (GAN), HAI (Haibei Station) and Huashixia (HUA). The study site
The microbial community is generally not a random association,
difference on abundance and occupancy due to niche differentia-
tion can discriminate them as habitat generalists and specialists
(Barberan et al., 2012). The generalists were selected by high inci-
dence over samples and relative abundance, while the specialists
were identified through indicator species (Logares et al., 2013).
Indicator taxa of the study sites were assigned at genus level by
using the labdsv package version 1.8e0 (Roberts, 2016) based on
the indicator value (IndVal) index. The IndVal index combines the
mean abundances of a taxon and its frequency of occurrence in all
samples. A high indicator value is obtained by the combination of a
large mean abundance of a taxon relative to others regions or
habitats (specificity) and according to its presence in most samples
of the same study site or habitat (fidelity) (Dufrene and Legendre,
1997).

2.10. Data deposition

The mcrA gene sequence data were deposited in the NCBI
Sequence Read Archive (SRA) under the submission ID SRP046048.

3. Results

3.1. Characteristics of soils and sample sites

The correlation of all 13 soil variables (Table S1) with the two
most important principal components is presented in Fig. 2. Two
permafrost-affected sites DCL and HUA cluster closely. The other
two sites HAI and GAN cluster separately from the permafrost sites.
In addition, the deeper profile of GAN demonstrates a large vertical
variability in contrast to the upper. The first principal component
had high positive weightings from CaCO3 content, salinity (in terms
organic carbon (TOC), total nitrogen (TN), total sulfur (TS), CaCO3 content, soil moisture
parameters of silt, clay and sand content (please see Table S1 for details). Study sites:
numbers (e.g. 1, 2, 3 …) indicate the horizons from top to bottom.
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of electric conductivity, EC), NaCl, pH and sand content. In contrast,
variables of soils with high negative principal component 1
weightings were TOC, TN and clay content. These variables suggest
that principal component 1 describes an alkalinity/pH axis. Inter-
estingly, fertility, principally TOC and TN clumped with the soil
alkalinity variables, which suggest it has a negative relationship
with alkalinity/pH. The first and second axes explained 56.22% and
23.62% of the variance among sites, or 79.84% of the total variance.
The first factor (alkalinity/pH) effectively separated two groups of
wetlands: slightly acidic bogs at the left and more minerotrophic
fen at the right. The silt content and depth along second axis are
more related to the vertical variation of GAN profile.

3.2. Alpha-diversity

A total of 163,644 reads passed the quality filtering. The
sequence counts ranged from 5797 to 18,290 per sample, except for
upper layer samples of GAN (GAN1 and GAN2) which only yielded
1119 and 2702 reads, respectively. The number of OTUs, i.e. putative
species richness is independent on the amount of reads in each
library. The number of OTUs increased significantly within the first
500 reads, and gradually approached the saturation plateau after
2000 reads according to the rarefaction curves (Fig. S4). These se-
quences were assigned into a total of 175 OTUs including 40 sin-
gletons. A group of 25 dominant OTUs showed a mean relative
abundance greater than 1% across all samples. These 25 OTUs
accounted for 85.1% of the total reads while the remaining rare
OTUs represented only 14.9% of the total. However, the rare OTUs
fairly broaden the scope of biodiversity, leading to long tails in the
rarefaction curves. The observed and estimated species richness
was the highest in the DCL site while Shannon diversity indices
peaked in HUA and HAI (Fig. S5). Alpha diversity was independent
on hydrology, permafrost interior and soil depth.

3.3. Inter-site comparison of potential methane production,
methanogenic abundance and beta-diversity

Differences in potential methanogenic activity and mcrA gene
copy numbers between all samples are displayed in Fig. 3a and b.
Thereby, methane production rates are shown for incubations both
with acetate and with H2/CO2. References without added substrate
are not shown because the rates were very low. In all samples,
higher methane production rates were observed with H2/CO2 as
substrate. The wetland-like samples from DCL and HAI exhibit the
greatest potential methane production rates in comparison with
the meadow samples of HUA and GAN. The maximum rates for the
four sites are 15.8, 10.0, 1.0 and 3.3 nmol g�1 h�1 (Fig. 3a). The
wetland samples also demonstrated higher mcrA gene copy
numbers per gram fresh soils, with copy numbers up to
6.0e6.7 � 106 at DCL1 and DCL2 and 8.7 � 105 at HAI_t (Fig. 3b).
However, the GAN samples characterized by low methane pro-
duction rates showed peak gene copy numbers (6.0e7.6 � 105)
overall comparable to the HAI wetland. Along the depth profiles of
the wetland sites, the highest gene copy numbers occurred in the
upper soil layers (6.7 � 106 at DCL2 and 8.7 � 105 at HAI_t), while
the gene copy numbers along the two meadow profiles (HUA and
GAN) were greater in the lower soil layers (7.6 � 105 at GAN3 and
4.2 � 105 at HUA_d).

The compositional heterogeneity of the dominant methano-
genic taxa at the genus level was shown by a bubble plot for the
depth profiles of each site (Fig. 3c). The taxonomic affiliation of the
25 dominant OTUs (relative abundances >1%) is displayed in Fig. S3.
The lineages along vertical axis correspond to the decreasing rank
of their mean relative abundance. Five genera namely Meth-
anobacterium,Methanomassiliicoccus,Methanoregula,Methanosaeta
and Methanosarcina exist throughout all sites, but with relative
abundance varying with sites and along the vertical profiles of each
site. Among them,Methanoregula is not only themost abundant but
also the most diverse genotype, with 11 different OTUs identified
(Table 1). Methanomassiliicoccus ranks as the second most abun-
dant and diverse. Members of the facultative acetoclastic genus
Methanosarcina and the obligate acetoclastic genus Methanosaeta
exhibit reverse proportion between DCL and HAI or HUA, respec-
tively. In general, Methanosarcina displays in a pattern opposite to
Methanoregula. Methanosaeta exists with lesser relative abun-
dances with the exception in the sample GAN2 (20 cm). According
to the IndVal indices (Table 2), Methanobacterium, Methanosarcina
andMethanospirillum are identified as indicator (specialist) taxa for
the site DCL and Methanoflorens for the HAI site (IndVal p < 0.05).
The major difference in community composition on the genus level
was observed between the two wetland sites DCL and HAI,
although there is not enough evidence that the community com-
positions at genus level are statistically different by sites according
to adonis analysis (p ¼ 0.15).

To further disentangle differences in methanogenic community
composition between the study sites and to verify whether the
conclusions drawn on the genus level also hold on the species level,
co-occurrence patterns and shared OTUs were identified (Fig. 4).
Eighty OTUs with Spearman's rho > 0.6 and p < 0.01 out of 175 total
OTUs were selected for network analysis (Table S3). The network
consists of 80 nodes (OTUs). Three subgroups were detected ac-
cording to the internal ties as well as the pattern of ties between
different groups (Fig. 4a). Subgroup 1 contains 53 OTUs (nodes) and
is represented by the most abundant OTUs, while subgroup 2 with
22 nodes is mainly composed of less dominant groups. Within
subgroup 2, the top 3 abundant OTUs belong to Methanoregula,
Methanosaeta and Methanosarcina. Subgroup 3 only contains five
OTUs and represents the generalists among the group of rare OTUs.
The two large subgroups altogether account for 89.5% of all se-
quences. The two-way ANOVA test indicates that the effect of
community subgroups is statistically significant (p < 0.001) while
there is not enough evidence showing that the influences of the
study site (p ¼ 0.484) and the interaction between the two factors
(p ¼ 0.135) are significant. Increasing the correlation coefficient
from 0.6 to 0.8 still revealed an insignificant influence of the study
site highlighting the robustness of this finding. Fig. 4b displays the
interaction in a two-way ANOVA, presenting the mean relative
abundance per OTU for each subgroup at each site. According to this
network analysis and consistency with Fig. 3c and Table 2, the main
community shifts at both the genus and putative species levels
occur between the two wetland sites DCL and HAI. At the same
time, the network analysis and the bubble plot in Fig. 3 point at a
large core methanogenic biome of all sites irrespective of whether
they display a pronounced or lowmethane production. This finding
is supported by the Venn diagram (Fig. 4c) showing the presence
and absence of OTUs with a relative abundance above 1%. This
result highlights a large share of species between all sites coin-
ciding with group 1 of the network analysis which is highly
abundant in all sites.

The variation of methanogenic communities was statistically
correlated with a subset of 7 environmental variables (p < 0.05). In
general, variables associated with soil alkalinity and salinity prop-
erties (including CaCO3 content; pH; sand content; electrical con-
ductivity, EC; and NaCl) point towards the DCL cluster, while those
associated with soil fertility (i.e. TOC and TN) point towards the
other sites (Fig. S6). The pCCA result indicated that approximately
62.8% of the total variation could be explained by this subset of
environmental variables. Soil alkalinity plus salinity and soil
fertility can explain 39.1% and 14.3% of the total variation in the data
set, respectively, with 9.4% shared partition (intersection) by both



Fig. 3. Comparison of potential methane production (a), methanogenic abundance (b) and methanogenic community composition on genus level (c) of each sample. In Fig. 3b, the y
axis is transformed by log10, and thus leading to disproportional length of the upper and lower error bar for each point. HUA, DCL, GAN and HAI represent study sites of Huashixia,
Donggi Cona Lake region, Gande and Haibei Station, respectively. Following the sites HUA or HAI are the tags ‘t’ and ‘d’ indicating the merged samples for the ‘top’ and ‘deep’ layers
for those two profiles. The blue background indicates swamp wetlands while the white background indicates alpine meadows. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
The absolute and relative sequence frequencies of the most abundant OTUs which
have a mean relative abundance >1% across samples at genus level.

Lineage No. of OTUs No. of reads % in total valid reads

Methanoregula 11 56,150 34.68
Methanomassiliicoccus 4 36,086 18.73
Methanosarcina 2 18,457 14.48
Methanosaeta 4 6760 6.7
Methanocella 2 10,483 6.15
Methanolobus 1 6986 3.26
Methanobacterium 1 4217 2.38
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factors (Fig. S7).
3.4. Global occurrence of methanoregula sequences

The genus Methanoregula was observed as the top diverse and
abundant lineage across all studied high elevation Tibetan soils and
was therefore selected for a meta-study on its biogeography in 24
globally-distributed libraries. Members of the Methanoregula-
community of the high elevation Tibetan plateau were found
occurring at diverse geographical locations, covering a variety of
habitats including wetland, peatland, fen, bog, forest and grassland
soils, lakes, riparians, estuaries and subglacial sediments (Fig. 5,
Table S4). Among them,wetlands account for the largest proportion



Table 2
Indicator taxa for different sites according to indicator value (IndVal index). The
IndVal index combines species mean abundances and its frequencies of occurrence
in the groups. A high indicator value is obtained by a combination of large mean
abundance within a group compared to the other groups (specificity) and presence
in most samples of that group (fidelity). Taxa with p < 0.05 were identified as in-
dicator species. Frequency demonstrates the total number of samples upon which a
given indicator taxon occurs. DCL, GAN, HAI and HUA represent the study sites of
Donggi Cona Lake region, Gande, Haibei Station and Huashixia, respectively.

Genera IndVal p value Frequency Sites

Methanobacterium 0.6035 0.029* 14 DCL
Methanobrevibacter 0.6291 0.130 5 DCL
Methanocella 0.4172 0.659 12 GAN
Methanoculleus 0.4000 0.455 2 DCL
Methanoflorens 0.9328 0.019* 9 HAI
Methanofollis 0.7257 0.107 8 DCL
Methanolinea 0.2000 1.000 1 DCL
Methanolobus 0.8386 0.054 9 DCL
Methanomassiliicoccus 0.4219 0.370 14 DCL
Methanomethylophilus 0.3969 0.374 6 DCL
Methanomethylovorans 0.8358 0.114 8 HUA
Methanoregula 0.3243 0.730 14 HAI
Methanosaeta 0.3912 0.298 14 HAI
Methanosarcina 0.7420 0.013* 14 DCL
Methanosphaerula 0.1938 0.975 7 DCL
Methanospirillum 0.7303 0.030* 10 DCL
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(ca. 51%) in comparison to other ecosystems. More importantly,
members of the Methanoregula lineage appear to dominate the
overall methanogenic diversity in most of the sites (Fig. 5). Welch's
ANOVA suggest that the incidence frequencies ofMethanoregula are
Fig. 4. Community shift on OTUs level. A total of 80 OTUs were used for valid network ana
package. The node colors of green, red and blue correspond to the subgroup 1, 2 and 3. The si
Fig. 4b displays the interaction between the community subgroups and different sites on the
the relatively abundant OTUs with mean relative abundance >1% throughout all samples. (Fo
the web version of this article.)
statistically different to the other genera (p < 0.001, Fig. S8).
4. Discussion

The turnover of organic matter in permafrost environments is
mainly driven by microbial communities and their activity under
given in situ conditions. Nevertheless, the reaction of microbial
communities to changing environmental conditions in frozen-
ground-affected soils is still an unknown variable in the climate
change equation (Graham et al., 2012). High elevation soils on the
Tibetan Plateau are characterized by young development, frequent
polygenetic formation and strong degradation features which are
affected by cryogenic or erosive processes (Baumann et al., 2009).
The presented results revealed that the degradation of wetlands
and permafrost lead to a decrease in the methane production po-
tential on the Tibetan Plateau without pronounced changes in the
community structure of methanogenic archaea.

The methanogenic communities in the investigated soils at the
Tibetan high elevation are dominated by hydrogenotrophic rather
than acetoclastic methanogens, which is in agreement with higher
methane production rates in the presence of H2/CO2 compared
with acetate as substrate. For bog-likewetlands such as HAI, low pH
generally limits acetotrophic in favor of hydrogenotrophic meth-
anogenic metabolism (Kotsyurbenko et al., 2007; Bridgham et al.,
2013). In contrast to the low pH at HAI, the relative abundance of
major taxa (Fig. 3c) shows a greater occurrence of the acetoclastic
genera Methanosarcina and lower abundance of hydrogenotrophic
methanogens such as Methanoregula at high pH values as observed
lysis in Fig. 4a. The subgroups were identified by the walktrap algorithm with igraph
ze of nodes corresponds to the mean relative abundance of that OTU across all samples.
mean relative abundance per OTU phylotype. In Fig. 4c, the shared OTUs were based on
r interpretation of the references to colour in this figure legend, the reader is referred to



Fig. 5. Global occurrence ofMethanoregula-like sequences. Each pie chart represents an instance where one or more publishedmcrA nucleotide sequences with >84% identity to the
representative sequences of the OTUs from our Tibetan libraries which were assigned to the genus of Methanoregula. On the biogeography map are 24 pie charts showing the
contribution of each genus to the overall diversity of each library. Colors inside the pie chart were coded according to taxonomic groups. Since the European sites are too dense, an
inset figure is used to enlarge the display. For the permafrost, different purple colors represent different permafrost distribution and classification. The permafrost data was
retrieved from http://nsidc.org/data/docs/fgdc/ggd318_map_circumarctic/(National Snow and Ice Data Center). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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at DCL. However, pH difference alone are insufficient to explain the
relative importance of the two pathways of methanogenesis
(Bridgham et al., 2013), which means that other environmental
factors also control the balance of the two major pathways of
methanogenesis in wetlands of the Tibetan Plateau. Most of the
natural wetlands such as bogs and fens have low H2 partial pres-
sures (Conrad, 1999; Sakai et al., 2009). Under these conditions,
acetate will be converted into H2 and CO2 by syntrophic acetate-
oxidizing bacteria coupled with hydrogen-dependent methano-
genesis (Hattori, 2008; Thauer et al., 2008). Even if it was shown by
Kotsyurbenko (2005) that homoacetogens during syntrophic
glucose degradation at low temperatures are able to utilize H2 at a
slightly higher rate compared to methanogenic archaea, in case of
low hydrogen concentrations H2-utilizing methanogens success-
fully outcompete homoacetogenic bacteria. Evidence also exists
that low temperatures favor the use of H2/CO2 over acetate by
methanogens (Nozhevnikova et al., 1994). In addition, the faculta-
tive acetoclastic order Methanosarcinales possesses cytochromes
and requires a H2 pressure at least tenfold higher than other
methanogens without cytochromes, and are thus likely to be out-
competed under low H2 partial pressures (Thauer et al., 2008).
These genetic, metabolic, and thermodynamic traits may render
competing advantage to the hydrogenotrophic methanogens under
low H2 partial pressure, which prevail in many natural terrestrial
habitats (Conrad,1999; Thauer et al., 2008) and is expected to occur
on the Tibetan Plateau as well, given the low air pressure at high
altitudes.

The methane production activity in different soil ecosystems on
the Tibetan Plateau is another important aspect to understand the
anaerobic carbon dynamics under changing environmental condi-
tions. The large abundance of methanogens and the higher po-
tential activity observed in the swamp wetlands in contrast to
alpine meadows suggests a potential loss in methanogenic activity
in the event of on-going deterioration of wetlands and permafrost
on the Tibetan Plateau. Our study is, however, restricted to the DNA
level and might therefore underestimate or overestimate the active
methanogenic community which would be better described
through an RNA approach (Freitag and Prosser, 2009). This includes
changes not only in the hydrological conditions but also in the
quality and availability of soil organic matter (Wagner et al., 2005;
Wagner et al., 2009). At DCL, for example, the observed high
methanogenic activity is rather contrasting the low TOC content.
Like many minerotrophic fen patches in the alpine headwater re-
gions of Yangtze and Yellow Rivers, the calciphilous soil at DCL is
little developed and lacks solid TOC. It is the water supply from
lakes or rivers, which leads to the development into minerotrophic
wetlands. In minerotrophic fens, abundant labile and high-quality
plant material can stimulate CH4 emissions via the acetoclastic
pathway (Megonigal et al., 2005; Bridgham et al., 2013). Consis-
tently, the proportion of acetoclastic Methanosarcina species in-
creases in the rhizosphere horizon of DCL (Fig. 3c). A high
proportion of Methanosarcinales-related methanogens was also
reported for the Zoige wetland (Zhang et al., 2008). However, the
better availability of acetate at DCL does not necessarily mean
acetotrophic methanogenesis will dominate methane production.
Results from Alaskan wetlands also showed the dominance of
hydrogenotrophic rather than acetoclastic methanogenesis even
though acetate substantially accumulated in these soils (Rooney-
Varga et al., 2007). Also, acetate can be converted to CO2 which
eventually increases the relative contribution of H2 dependent
methanogenesis (Duddleston et al., 2002). On the other hand, CO2
and CH4 from anaerobic respiration in bogs are derived from a
combination of dissolved organic matter (DOM) and the bulk peat
(Megonigal et al., 2005; Chanton et al., 2008). Despite plant exu-
dates are released to the anaerobic peat layers of the bog wetlands
at HAI, the recalcitrant old peat is the main carbon source for

http://nsidc.org/data/docs/fgdc/ggd318_map_circumarctic/
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methanogenesis (Bridgham et al., 2013). The size of labile organic
matter is overall smaller leading to lower CH4 production rates in
HAI compared to DCL. Finally, the on-going rapid wetland and
permafrost degradation tends to substantially deteriorate the
moisture regime of the marginal sandy patches of minerotrophic
fens as for instance at DCL, which will reduce the methane pro-
duction in these wetlands.

Comparing alpha-diversity measures with methane production
andmethanogenic abundance revealed that even samples with low
methane production activity are characterized by a comparably
high alpha-diversity (Fig. S5). The diversity of the genomic pool of
methanogens appears thus independent frommethane production
rates and methanogenic abundances at least when excluding the
very rare taxa. Also, taxa such as Methanoregula, Meth-
anomassiliicoccus andMethanosaeta prevail throughout all samples,
and may constitute Tibetan high elevation keystone species.
Particularly, the hydrogenotrophic Methanoregula species were
frequently observed prevalent in various habitats (Galand et al.,
2005; Br€auer et al., 2006) including the Tibetan Zoige wetland
(Zhang et al., 2008), a comparable wetland to the HAI wetland of
this study. The global distribution of Methanoregula sequences
further demonstrates that this lineage is successful in a diverse set
of environments as mentioned above, and can be considered a
generalist taxon in natural terrestrial habitats. Additionally, the H2-
dependent methylotrophic genus Methanomassiliicoccus is an
abundant group throughout all samples. This lineage was newly re-
evaluated and shown to be widespread in the environment, with at
least two distinctive phylogenetic clades in wetlands and animal
guts, respectively (Sollinger et al., 2016). The prevalence of Meth-
anomassiliicoccus related sequences in this study indicate an
important but potentially overlooked role in methane production,
which needs further investigation.

By the detailed analysis of the mcrA sequences it was further
possible to identify a number of indicator species. By definition, an
indicator species is an organism whose presence reflects a specific
environmental condition (Dufrene and Legendre, 1997). Currently,
the lineage Methanoflorens was newly proposed as methanogenic
indicator species of acidic peatlands exposed to thawing perma-
frost (Mondav et al., 2014). This species was also identified as in-
dicator species for the bog wetland at HAI. The seasonally frozen
ground at this site, which was characterized by sporadic permafrost
during the little ice age (Cheng and Jin, 2013), can be regarded as
degraded permafrost. This may serve as an explanation for the
specific occurrence of Methanoflorens at the HAI site where
permafrost has degraded into seasonally frozen ground (Fig. 3b).
Furthermore, a total of three indicator species (Methanobacterium,
Methanosarcina and Methanospirillum) were identified for DCL by
analyzing the indicator value index (IndVal), highlighting the
distinction of this minerotrophic wetland. This minerotrophic fen
characterized by high alkalinity/pH, salinity and little-developed
calciphilous soil appears to have a distinct methanogenic commu-
nity differing in the relative proportion of methanogenic taxa from
that of bogs on the Tibetan Plateau.

In addition to alpha- and beta-diversity analysis we exploited
network analysis for identifying co-occurrence patterns which can
provide insights about patterns of potential biotic interactions,
shared physiologies and habitat affinities (Barberan et al., 2012).
The three Tibetan community subgroups that we identified
assemble independent of the study sites and thus geographic
location according to two-way ANOVA. Subgroup 1 of the network
analysis includes the most abundant OTUs while subgroup 2 is
generally composed of a suite of sub-abundant OTUs. In the bog
wetland of HAI, subgroup 2 outcompeted the subgroup 1. This
means that the network analysis highlights differences in com-
munity composition on the species level between the wetland
types, which emerge already when comparing the communities on
the genus level (Fig. 3c). Despite compositional changes in terms of
relative abundances of methanogens especially between the two
wetlands, the two large subgroups identified illustrate a large core
of methanogenic associations contributing almost 90% to the total
methanogenic abundance in all study sites. A large methanogenic
core biome irrespective of permafrost conditions and methane
production potential is supported through the analyses of shared
OTUs (Fig. 4c) illustrating that among the 25 most abundant OTUs,
23 occur in all study sites.

The spatial variations in methanogenic communities in the
studied wetlands on the Tibetan Plateau are regulated by different
factors of soil properties for different wetland types. The fertility
(TOC and TN), which is the main determinant in the bog, are in
contrast to the alkalinity and salinity factors for the minerotrophic
fen of DCL. This result implies that the organic matter accumulates
in the DCL fen are less determinative for the community compo-
sition than in the bog, which are presumably fueled by fresh plant
material (Megonigal et al., 2005; Bridgham et al., 2013). Moreover,
the importance of TOC and TN for methanogens in the HAI site is in
line with the constraint of organic quality for methanogens in bogs
(Megonigal et al., 2005; Chanton et al., 2008; Bridgham et al., 2013).
For Tibetan soils, the status of CaCO3 content and pH indicate the
maturity stage of pedogenesis. The initially formed soils with high
pH values and carbonate contents generally exhibit extremely low
contents of deposited C and N (Baumann et al., 2009). That is why
the fertility and alkalinity are negatively correlated along the first
principal component. In addition, approximately 37.2% variations in
the communities cannot be explained by the studied environ-
mental parameters, and other factors should be taken into account
for interpreting the community differences, such as above and
below ground biomass, plant species composition, and syntrophic
microorganisms (e.g., homoacetegens) involved in the fermenta-
tion processes.

To the best of our knowledge, this study is the first conducting
research onmethanogens of the high elevationwetland soils on the
Tibetan Plateau. Here we show that on the high elevation plateau,
the potential methane production and abundance of methanogens
varies between swamp wetlands and alpine meadows with highest
rates of methane production in minerotrophic fen-like wetlands,
whilst the underlain extent of permafrost may exert a more indirect
influence on the methanogens by regulating hydrological and
temperature regimes. This finding contrast with previous studies
suggesting substantial alterations of the methanogenic community
with permafrost thawing (Hodgkins et al., 2014; McCalley et al.,
2014; Liebner et al., 2015), but support others showing no signifi-
cant change in the relative contribution of the two predominant
methangenic pathways in Arctic systems (Prater et al., 2007). The
methanogenic communities in the studied Tibetan wetland soils
appears to be represented by a substantial core assemblage of
methanogenic taxa probably due to distinctive environmental
conditions prevailing on the Tibetan high altitude environments
such as low partial pressures of H2, low precipitation, and compa-
rably young and little developed soils. Hydrogenotrophic metha-
nogens (especially Methanoregula) generally prevail across the
wetland and wet-meadow sites and H2-dependent methano-
genesis is the major pathway in the studied soils on the Tibetan
Plateau. Facing the degradation of wetlands and permafrost and the
loss in soil moisture as a consequence of global change, the
methane production potential is likely to be more constrained in
the patches of shallow sandy minerotrophic fens on the headwater
regions of the high Tibetan Plateau due to their hydrological and
nutritious vulnerability. Based on this study we show that the
methanogenic community structure in general will not change
drastically, even if the relative abundance of acetotrophic
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methanogens that thrive in some wetland environments may
potentially decrease. The dominance of hydrogenotrophic metha-
nogens will presumably persist or even increase in these wetland
types.
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